Abstract: In this paper we develop an agent-based model to explore a feasible way of simultaneously providing sufficient food and bioenergy feedstocks in China. Concerns over the competition for agricultural land resources between food and bioenergy supply hinder the further development of bioenergy, especially in China, the country that needs to feed the world's largest population. Prior research has suggested the introduction of energy crops and reviewed the resulting agricultural land use change in China. However, there is a lack of quantitative studies which estimate the value, contribution, and impact of bioenergy for specific conditions at the county level and provide adequate information to guide local practices. To fill this gap, we choose the Jiangsu Province in China as a case study, build up a spatial-agent dynamic model of agricultural land use, and perform a sensitivity analysis for important parameters. The simulation results show that straw from conventional crops generally dominates Jiangsu's biomass supply with a contribution above 85%. The sensitivity analyses reveal severe consequences of bioenergy targets for local land use. For Jiangsu Province, reclaimed mudflats, an alternative to arable lands for energy crop plantation, help to secure the local biomass supply and to alleviate the land use conflict between food and biomass production.
Introduction
Modern bioenergy has experienced a worldwide boost in the last decades in response to concerns over energy security and climate change [1] [2] [3] . For some developing countries, bioenergy may also help to revive their agricultural sectors and rural areas [4, 5] . However, rising food prices have sparked a debate as to whether and to what extent bioenergy development would put food supply at risk [6] [7] [8] [9] . To simultaneously satisfy the demand for bioenergy feedstock and food, especially in the context of a fast growing bioenergy industry, previous studies have suggested a variety of options. These include improved agricultural practices, plantation of dedicated energy crops, use of cellulosic biomass conversion technology, exploitation of marginal or degraded lands, and joint production of infrastructure and additional income opportunities for farmers. These benefits can help to reduce the migration flows from rural to urban areas and curtail the regional disparity within Jiangsu. [23] . YRDEC is the acronym for the Yangtze River Delta Economic Circle.
While facing a high demand for bioenergy, Jiangsu Province also enjoys favorable local conditions for biomass production. The high output of grains implies a large amount of crop residues that could be used as a biomass feedstock. Furthermore, its particular location on the eastern coast enables access to additional land resources, i.e., reclaimed mudflats, which can be used for large-scale biomass production ( Figure 2 ). The list of potential counties for mudflat reclamation is identified in [23] . YRDEC is the acronym for the Yangtze River Delta Economic Circle.
While facing a high demand for bioenergy, Jiangsu Province also enjoys favorable local conditions for biomass production. The high output of grains implies a large amount of crop residues that could be used as a biomass feedstock. Furthermore, its particular location on the eastern coast enables access to additional land resources, i.e., reclaimed mudflats, which can be used for large-scale biomass production ( Figure 2 ). 
Conventional Crops
In order to distinguish dedicated energy crops, this study uses the term "conventional crops" for annual crops planted for the purpose of food, fodder, and industrial material production. In addition to grains or seeds, these crops offer straw as a source of bioenergy feedstock. However, we restrict the utilization ratio of this source to be less than 70% [34] , due to the concerns over soil degradation and erosion caused by the excess removal of straw. According to the official statistics [34] , wheat, oilseed rape, medium indiea rice, non-glutinous rice, corn, cotton, and beans are the top cash crops in Jiangsu Province. Their respective planting areas account for more than 70% of Jiangsu's total arable land. The straw from those crops contributes up to 88.5% of the provincial straw supply. Our model takes these seven plants as conventional crops and further categorizes them into summer crops and autumn crops, with respect to the local rotation cropping system. Figure 3 demonstrates the crop yields per hectare in 2010 on the county-level, with a five-scale color code representing five different levels of the yield. Cultivation cost data are obtained from the annual survey "Cost-Benefit Investigation of Jiangsu Agricultural Products" conducted by the Cost Investigation Supervision Branch of the Jiangsu Commodity Price Bureau. The available data span five years from 2006 to 2010 and were retrieved from answers to a questionnaire randomly distributed to the farmers across 57 representative counties belonging to 13 prefecture-level cities. Figure 4 illustrates the average costs for six main crops cultivated in Jiangsu Province in 2010. In the model, the per-hectare cost data which are reported in monetary values are converted to physical input requirements for specific production factors (including land, labour, fertilizer, pesticide and others), in accordance with the individual market price (or equivalent price).
Since the local cost-benefit survey does not include beans, historical county-level data are unavailable. To fill this gap, we employ the provincial-level data retrieved from the "Collection of Cost-Benefit Data of China's Agricultural Products". Similarly, for counties where certain crops are planted but cost-benefit data are not collected, we interpolate the data from neighboring areas by adopting the OrdinaryKriging Method offered in ArcGIS.
Energy Crops
In recent decades, a variety of lignocellulosic energy crops, including both perennial herbaceous crops (i.e., switchgrass, Miscanthus) and woody crops (such as willow, poplar, eucalyptus), have been introduced in many countries [36] . In China, however, large-scale commercialized plantation of energy crops is still absent. While we don't have observed cultivation data for commercial energy crops, several research institutes have engaged in species selection and conducted small-scale field experiments in certain parts of China, including Jiangsu Province [16, [37] [38] [39] [40] [41] . According to the official statistics [34] , wheat, oilseed rape, medium indiea rice, non-glutinous rice, corn, cotton, and beans are the top cash crops in Jiangsu Province. Their respective planting areas account for more than 70% of Jiangsu's total arable land. The straw from those crops contributes up to 88.5% of the provincial straw supply. Our model takes these seven plants as conventional crops and further categorizes them into summer crops and autumn crops, with respect to the local rotation cropping system. Figure 3 demonstrates the crop yields per hectare in 2010 on the county-level, with a five-scale color code representing five different levels of the yield. Cultivation cost data are obtained from the annual survey "Cost-Benefit Investigation of Jiangsu Agricultural Products" conducted by the Cost Investigation Supervision Branch of the Jiangsu Commodity Price Bureau. The available data span five years from 2006 to 2010 and were retrieved from answers to a questionnaire randomly distributed to the farmers across 57 representative counties belonging to 13 prefecture-level cities. Figure 4 illustrates the average costs for six main crops cultivated in Jiangsu Province in 2010. In the model, the per-hectare cost data which are reported in monetary values are converted to physical input requirements for specific production factors (including land, labour, fertilizer, pesticide and others), in accordance with the individual market price (or equivalent price).
In recent decades, a variety of lignocellulosic energy crops, including both perennial herbaceous crops (i.e., switchgrass, Miscanthus) and woody crops (such as willow, poplar, eucalyptus), have been introduced in many countries [36] . In China, however, large-scale commercialized plantation of energy crops is still absent. While we don't have observed cultivation data for commercial energy crops, several research institutes have engaged in species selection and conducted small-scale field experiments in certain parts of China, including Jiangsu Province [16, [37] [38] [39] [40] [41] . In this study, we rely on the results of these experiments and discuss the selection from four candidate crops: switchgrass, silver reed, giant reed and miscanthus. Because these data are obtained from small-scale experiments under controlled conditions, they may not reflect all uncertainties of real agricultural operations and may not fully consider the potential environmental side effects.
Previous research reveals that the yield of energy crops reaches a plateau in the third year [42] . We adopt this finding and also define the total life span for each crop. In particular, switchgrass, silver reed and giant reed are set to live for 10 years, miscanthus for 20 years. After specifying the yield of each energy crop, we need to calculate its cultivation cost. First, we translate the experimental cost data of switchgrass, silver reed and giant reed measured from monetary values to physical input requirements for each production factor using individual factor prices. Second, we apply a reseeding rate of 25% to switchgrass and 0% to the other three crops [39, 41] . Third, we extrapolate the cost data for switchgrass as a proxy for the unavailable cost data for miscanthus plantation. Particularly, we assume that the ratio of the cost of switchgrass to the cost of miscanthus is the same both in China and in the U.S. Then we apply this ratio obtained from the study in Illinois, USA [41] to the experimental data of switchgrass in China [40] . The resulting adaptive yields and cultivation costs of energy crops are shown in Table 1 . 
Mudflats
The use of mudflats in Jiangsu Province as a potential land resource for energy crops has been thoroughly explored in many studies [43] [44] [45] . This option is considered by the local government in its "Outline of Reclamation and Utilization Plan for the Jiangsu Coastal Mudflats Resource (2010-2020)". This guideline specified the concrete location, acreage, and utilization of reclaimed mudflats throughout three execution stages as shown in Table 2 . Our model conforms to this guideline and assumes that reclaimed mudflats are exclusively used for energy crops. Thus, conventional crops can only be planted on arable lands, while energy crops can be planted either on arable lands or on reclaimed mudflats.
Biomass and Food Demand
In this study, we translate the objective of reconciling bioenergy feedstock provision and food supply into a set of mathematical restrictions. Particularly, the production of biomass and food is required to meet the respective demand levels. Therefore, the simulation results on land use patterns reflect the level of the two demands. The values of biomass demand in the years 2012 and 2015 are taken from [34] , which considers four utilization options of biomass for energy purposes including biofuels, electric power, biochemicals, and solidification. To curb the potential uncertainties of demand projections, we also collect other years' data from the literature [46] [47] [48] . For intermediate years, the demand values are estimated through regression analysis. Food demand levels from 2011 to 2020 are based on previous study on Jiangsu's food consumption [49] . The final demand data used in our study are listed in Table 3 . To address the data uncertainty, we perform a sensitivity analysis. 
Model Design and Structure

Model Framework
We develop a modelling framework to mimic the annually recurring decision-making process of farmers, i.e., the type and intensity of crops, which meets both food demand and biomass demand ( Figure 5 ). The model framework integrates a spatial-agent system dynamic model and a partial equilibrium model of the agricultural sector. The former model was applied by Scheffran and BenDor in their simulation of the energy crop production in Illinois in the U.S. [1] . The advantage of this model is the maintained geographical characteristics of the individual farmers through using a spatial array of uniform grid cells to index their positions in the landscape. The model portrays the spatial relationships between farmers and depicts their particular geographical characteristics such as altitude, climate, shading, slope, and soil conditions. We aggregate Jiangsu's 102 county-level administrative units into 70 counties by considering the administrative relations between neighboring units and the data accessibility. The conglomeration of all farmers in a county is considered as one agent in our regional agricultural sector model. This model component in our study was derived from the ASMGHG model developed by Schneider and McCarl [50] , which links agricultural commodity markets to regionalized cropping systems. Similarly, our model couples the aggregation of each agent's cropping system with the provincial bioenergy feedstock market. The spatial-agent dynamic model of agricultural land use developed for this study combines the strength of both models: a) the depiction of heterogeneous geographical features of each agent leading to non-uniform opportunity costs for energy crops and b) Jiangsu's bioenergy feedstock market, which determines the price of biomass through the intersection of aggregate supply from all farmers and governmental demand targets. Thus, a single farmer's decision process is affected by the decisions of other farmers in the same market.
Model Structure
Our model determines the cost-efficient land use pattern, which simultaneously meets the demand for food and the demand bioenergy feedstock. This model is programmed in GAMS and consists of an objective function, a group of decision variables and a set of constraining equations. The objective function maximizes total agricultural economic surplus over a 20-year horizon with an annual time step. The values of the decision variables (internal factors in Figure 5 ) are endogenously determined through the optimization process. The constraining equations integrate environmental limits and market demands (external factors in Figure 5 ), which influences the farmers' decision-making process. Mathematically, these equations define the convex feasible region for all decision variables. Each model element is briefly described in Table 4 . Table 4 . The significance of model equations and variables.
Model equation Mathematical structure Description
Objective function WELFARE " REVENUE´COST
The sum of producer revenue in all commodity markets, minus specific and unspecific production cost and the cost of mudflat reclamation.
Resource limits
The cultivated land in each region and time period cannot exceed given endowments.
According to Jiangsu's official directive, a limited area of reclaimed mudflats mainly scattered in the coastal counties can be devoted to energy crop plantation.
The area of energy crop plantation in higher age classes cannot exceed the area of the corresponding previous age class in the previous period. Solving the model requires finding an optimal level for all decision variables subject to compliance with all constraining equations and, in the meantime, maximizing the objective function. As discussed by McCarl and Spreen [52] , maximization of consumer and producer surplus yields the competitive market equilibrium. Thus, the optimal variable levels can be interpreted as likely equilibrium levels for agricultural activities under given economic, political and technological conditions. Simultaneously, the shadow prices, identical to the marginal values of the biomass and food demand constraint equations, determine market-clearing prices of food and bioenergy feedstock. A detailed description of our model is presented in the Appendix.
Simulation Results
Land Use Patterns before and after the Introduction of Energy Crops
Starting from historically observed land use patterns in Jiangsu Province, the model results provide a cost-effective supply path of bioenergy feedstock for a steadily growing biomass demand. While the land use decisions are simulated for every year, we only show the cumulative change over the model's entire time horizon. Figure 6 shows the change in cultivated area between the initial and final year. Given that there is no commercial energy crop plantation in the base year, the land use changes for conventional crops and energy crops are presented in different ways: For conventional crops, relative land use changes are computed (Figure 6a-g ), which are obtained by dividing the projected cultivated area for each crop in 2030 by the observed area in 2010. For energy crops, the absolute land use changes are shown, which are equal to the land areas in 2030 (Figure 6h,i) . The land use change of conventional crops reveals two things: (1) The expansion of summer crops, i.e., wheat and oilseed rape, mainly occurs in Southern Jiangsu where oilseed rape expands extraordinarily fast (for example, its cultivated area has expanded 20 times in Wuxi City, 13 times in Kunshan County), thanks to its higher biomass output Besides simulating the land use patterns for seven conventional crops, our model selects giant reed from four potential energy crops and suggests it to be planted on the arable lands in four out of 70 counties (namely in Jiangyin, Donghai, Huai'an and Jurong County) and on the reclaimed mudflats in four out of 10 counties (they are Hai'an, Ganyu, Dongtai and Dafeng County). In all counties where giant reed increases, conventional crops decrease and confirm the land use conflict between conventional and energy crops. 
Bioenergy Feedstock Supply
The simulation results disclose the sources of bioenergy feedstock supply ( Figure 7 ). Straw from conventional crops constitutes the main source of bioenergy feedstock, contributing more than 85%
Energies 2015, 8, of the total supply. The highest contribution comes from straw residues of two large-scale planted crops (wheat in summer and non-glutinous rice in autumn). Their relative shares remain similar throughout the twenty years of projection, reflecting a stable reproduction of the crop mix described in the item of crop choice in Table 4 . Up to 15% of the bioenergy supply comes from energy crops. Our results suggest giant reed first to be planted on reclaimed mudflats starting in 2011 and then extended to arable lands in 2020. Although giant reed starts on arable land at later phases, the contribution to biomass output is expected to surpass the contribution from mudflats in the year 2029. The area of giant reed on mudflats reaches a plateau at around 47 thousand ha with a production of 1.5 million tonnes of biomass in 2024 and afterwards.
Our model also determines the shadow price of bioenergy feedstock, i.e., the price society must pay to farmers in order to induce a sufficient amount of supply. To smooth out price fluctuations caused by the model's dynamic structure, we use a simple 10-year moving average of each year's shadow price. Figure 7 shows a steady increase of the biomass shadow price, which reflects the increase in the opportunity cost of biomass production induced by the rising bioenergy demand over time. As more biomass is demanded, less productive resources have to be gradually put into use and, therefore, lead to higher production cost. This upwards trend is sustained across the whole time horizon; however, in 2024 a turning point can be observed. A possible reason for this phenomenon is the use of the mudflats, whose reclamation cost outweighs other factors and thus dominates the total opportunity cost of biomass production. After 2024, there is no additional mudflat reclamation for the purpose of energy crop production. Thus, the expenditure on mudflat reclamation diminishes and reduces the rate of increase in opportunity cost.
Sensitivity Analysis 1: Bioenergy Feedstock Demand
To find out how sensitive the optimal land use pattern is to the exogenously specified biomass demand targets, we analyze four alternative scenarios. These include two amplified demand scenarios (1.2 and 1.5 times as much as the biomass demand in the basic scenario) and two reduced demand scenarios (0.5 and 0.8 times as much as the biomass demand in the basic scenario). 
The Introduction of Energy Crops
Our model computes optimal pathways for the introduction of energy crops in Jiangsu Province for a given biomass demand level. As shown in Figure 8 , the curve representing the basic scenario suggests energy crops to be introduced early but with a small contribution. As biomass demand increases, the importance of energy crops jumps from 2% in 2011 to 15% in 2030, playing an auxiliary role in local biomass supply. For Jiangsu Province, this simulation result is a cost-effective way to simultaneously supply sufficient bioenergy feedstock and food by exploiting the dual-use of conventional crops (both food and energy use) and the single-use of energy crops (only energy use). A gradual and small-scale introduction of energy crops at the initial stage suggested by the model helps to realize a smooth transition process in the local agricultural sector towards the coordinated food and energy production, and to avert the potential resistance from local farmers who are used to traditional crop management practices. However, we need to note that the above analysis is highly dependent on the given biomass demand level in the basic scenario. It is possible that different biomass demand levels may lead to differentiated land use patterns. As demonstrated in Figure 8 , when the demand rises by 20% (scenario 1), the share of energy crops in biomass supply will ascend by more than 15%. If the demand climbs up for another 30% (scenario 2), the energy crops react by expanding their plantation and offering another 20% share. In this case, energy crops meet half of the total biomass demand in the final years. Instead, once the demand curtails by 20% or more (scenarios 3 and 4), energy crops will be completely ruled out from local biomass supply. These results conclude that in terms of the time and scale, the introduction of energy crops to Jiangsu Province is extremely sensitive to the level of biomass demand. The setting of bioenergy development targets would have far-reaching consequences, for example the timing of energy crop introduction, the plantation scale of energy crops and correspondingly, the distribution of other conventional crops.
Differentiated Land Use Patterns in Jiangsu's Three Sub-Regions
To echo the disparities in Jiangsu's regional development, in this section we examine the introduction of energy crops on the level of the province's three sub-regions, other than taking the whole province. Particularly, aiming at exploring the relationships between food and biomass supply, we only focus on the use of arable lands.
The allocations of arable lands between conventional crops and energy crops in three sub-regions perform quite different from each other: (1) Central Jiangsu always concentrates on the cultivation of conventional crops, no matter which level of biomass demand is applied. (2) The higher the biomass demand, the earlier and larger amounts of energy crops are to be planted on arable lands. As shown in Figure 9 , energy crops are firstly introduced to the arable lands in the year of 2020 with the share of 2% in Southern Jiangsu under the basic scenario. By contrast, under the scenario 1, the crops firstly appear in 2011 with the share of 10% in Northern Jiangsu and 4% in Southern Jiangsu. and offering another 20% share. In this case, energy crops meet half of the total biomass demand in the final years. Instead, once the demand curtails by 20% or more (scenarios 3 and 4), energy crops will be completely ruled out from local biomass supply. These results conclude that in terms of the time and scale, the introduction of energy crops to Jiangsu Province is extremely sensitive to the level of biomass demand. The setting of bioenergy development targets would have far-reaching consequences, for example the timing of energy crop introduction, the plantation scale of energy crops and correspondingly, the distribution of other conventional crops.
The allocations of arable lands between conventional crops and energy crops in three sub-regions perform quite different from each other: (1) Central Jiangsu always concentrates on the cultivation of conventional crops, no matter which level of biomass demand is applied. (2) The higher the biomass demand, the earlier and larger amounts of energy crops are to be planted on arable lands. As shown in Figure 9 , energy crops are firstly introduced to the arable lands in the year of 2020 with the share of 2% in Southern Jiangsu under the basic scenario. By contrast, under the scenario 1, the crops firstly appear in 2011 with the share of 10% in Northern Jiangsu and 4% in Southern Jiangsu. Figure 9 . The projected share of energy crops on arable land in autumn in Jiangsu Province between 2011 and 2030. 1) Under scenarios 1 and 2 (the amplified demand scenarios), the biomass demands are set to 1.2 and 1.5 times as much as the demand level in the basic scenario, respectively; 2) As pointed out before, there are no energy crops in the reduced demand scenarios (scenarios 3 and 4), i.e., the share ratio of energy crops stays at 0. Thus, these scenarios are not shown in this figure; 3. Since there is no energy crop planted on arable lands in Central Jiangsu under all scenarios, this area is not included in the figure. (1) Under scenarios 1 and 2 (the amplified demand scenarios), the biomass demands are set to 1.2 and 1.5 times as much as the demand level in the basic scenario, respectively; (2) As pointed out before, there are no energy crops in the reduced demand scenarios (scenarios 3 and 4), i.e., the share ratio of energy crops stays at 0. Thus, these scenarios are not shown in this figure; (3) Since there is no energy crop planted on arable lands in Central Jiangsu under all scenarios, this area is not included in the figure.
(3) The share of energy crops on the arable lands in Southern Jiangsu faces a distinct hurdle at around 10%. This finding implies that the arable land in Southern Jiangsu is the pioneer for energy crop plantation in the short term, though compared with Northern Jiangsu this area does not have enough potential to accommodate a large-scale plantation in the long term. This evidence corroborates the Jiangsu's official orientation towards Northern Jiangsu as a bioenergy production basis, which was mentioned in the "Development Plan for the Coastal area of Jiangsu Province" in 2009. 
Sensitivity Analysis 2: The Role of Mudflats
This section evaluates the role of mudflats in meeting the soaring biomass demand. We compare the basic scenario, where a certain fraction of mudflats is available for energy crops, with a situation in which all mudflats are excluded. Figure 10 uses three indicators to measure their role. First, the presence of mudflats substantially lowers the shadow prices of bioenergy feedstock. For example, in the first ten years, the introduction of mudflats brings down the biomass price by more than 100 CNY/t (Figure 10a ), which significantly decreases the purchasing cost of bioenergy feedstock and facilitates the development of bioenergy industry in Jiangsu Province, especially in the initial years. However, this effect diminishes along with the increasing biomass demand, because the share of energy crops on reclaimed mudflats in the biomass supply becomes small in the later years, especially after the year of 2024, the turning point of the use of reclaimed mudflats.
Second, the participation of mudflats alleviates the land use conflict between conventional crops and energy crops. In 2030, up to 2% of the arable land resources in the province could be saved and used for food production (Figure 10b) .
Third, the mudflats help to produce an additional amount of about 0.75 million tonnes of food for cross-boundary food trade in 2030 (0.65 million tonnes more wheat and medium indiea rice for export, 0.10 million tonnes less beans and corn for import, as shown in Figure 10c ), accounting for 3.59% of total amount of food trade in the same year.
Based on the results from the above analysis, it is safe to say that the accessibility to reclaimed mudflats can enhance the robustness of local biomass supply and relieve land use conflict between food and biomass production in Jiangsu Province, at the cost of mudflat losses.
Discussion and Conclusions
We develop a model to explore a cost-effective way to simultaneously reach food and bioenergy feedstock targets for Jiangsu Province. We apply this model to evaluate the impact of a bioenergy development plan on local agricultural land use and to measure the role of reclaimed mudflats in alleviating the land use conflict between bioenergy and food supply. The simulation results reveal the following insights: (1) The introduction of energy crops leads to seasonally differentiated land use patterns for conventional crops: the cultivation area of summer crops mainly expands in Northern Jiangsu. For autumn crops, such a pattern does not exist. (2) Energy crops are introduced first on arable lands in Jiangyin, Donghai, Huai'an and Jurong Counties and on reclaimed mudflats in the counties of Hai'an, Ganyu, Dongtai, and Dafeng. The economically preferred energy crop is giant reed. (3) The straws from conventional crops contribute more than 85% of the total biomass supply. Among these crops, wheat and non-glutinous rice top the bioenergy feedstock supply, followed by corn, oilseed rape, medium indiea rice, beans, and cotton. (4) On the provincial level, the introduction of energy crops is highly sensitive to the level of biomass demand. Therefore, alternative bioenergy development plans will result in different land use patterns. (5) On the sub-regional level, energy crops are employed first in Southern Jiangsu. However, over time, Northern Jiangsu cultivates energy crops on a larger area, supporting its status as a renewable energy production basis outlined in Jiangsu's official development plan. (6) Reclaimed mudflats, as an alternative resource for energy crops, help secure the local biomass supply and alleviate the land use conflict between food and biomass production.
While the model offers useful insights into the bioenergy development in Jiangsu Province, two limitations should be noted: First, this research does not depict detailed biophysical characteristics of individual crop management systems. Thus, impacts on local biodiversity and ecosystem services are not considered. Second, this model suggests mudflats are an economically attractive resource for the cultivation of energy crops. While we consider possible environmental impacts of this resource and exclude ecologically sensitive areas, this study does not account for social side effects. For example, the model ignores the marginalization of smallholder farmers caused by the large-scale introduction of energy crops on reclaimed mudflats. Further research is needed to address the full spectrum of environmental and social side effects of bioenergy development.
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Appendix The Spatial-Agent Dynamic Model Specification
In the general formulation of the county-level dynamic agent-based model, the present value of the total profit is maximized across the whole time frame of a system covering the cultivation of both conventional crops and energy crops, subject to constraints on resource endowment, energy crop transition, cultivation selection and product demand. The objective function Equation (1) of the model maximizes the present value of the net cash flows of the agriculture sector in Jiangsu Province across the whole time frame, as the total revenue minus costs. Specifically, the revenue of agriculture sector comprises of the sale of agricultural products, governmental agricultural subsidies and terminal values which are estimated for every crop. For energy crops, it is calculated as the Present Value of future profits of the rest of the productive life of the cultivation. This is equal to PV " ř t pP t¨Yt´P C t q¨p1`rq´t, where P t is the price of the crop's product in period t, Y t is the yield and PC t is the production cost). The cost mainly covers land resource, labor resource, fertilizers, pesticides and other auxiliary inputs.
Indices
From line 1 to line 9, the revenue terms account for:
(1) The sales revenue of non-biomass from conventional crops; (2) The sales revenue of biomass from conventional crops; (3) The plantation subsidy on conventional crops; (4) The sales revenue of biomass from energy crops; (5) The plantation subsidy on energy crops; (6) The terminal value of energy crops in the terminal year; (7) The terminal value of conventional crops in the terminal year;
Starting from line 10 of the objective function, the cost items are: (8) The reclamation cost of mudflats; (9) The cost of production inputs for conventional crops; (10) The cost of production inputs for energy crops.
However, crop mix constraints are not applied to the crops, which under certain policy scenarios are expected to expand far beyond the upper bound of historical relative shares [54] . As the cultivation area of energy crops is expected to greatly expand in the future, these crops are naturally excluded from this equation block: 
The supply and demand balance of biomass is represented in block in Equation (7). The first item denotes the biomass demand in a certain year. The second item denotes the biomass from traditional food crops, namely crop straw, and the last term represents the biomass from perennial crops grown either on arable land or reclaimed mudflats. This expression fully secures the achievement of biomass development targets in due year: 
Paralleling, the last constraint set defines the satisfaction to the requirement of food security in the background of bioenergy introduction. The first item is the demand of certain food, the following items stand for the produced food from planted conventional crops, and the last item means the gap between food demand and supply is filled by cross-boundary food trade.
